The nucleotide sequence of an almost-full-length clone of human parvovirus B19 was determined. Whereas the extreme left and right ends of this genomic clone are incomplete, the sequence clearly indicates that the two ends of viral DNA are related by inverted terminal repeats similar to those of the Dependovirus genus. The coding regions are complete in the cloned DNA, and the two large open reading frames which span almost the entire genome are restricted to one strand, as has been found for all other parvoviruses characterized to date. From the DNA sequence we conclude that the organization of the B19 transcription units is similar although not identical to those of other parvoviruses. In particular, we predict that the B19 genome may utilize a fourth promoter to transcribe mRNA encoding the major structural polypeptide, VP2. Analysis of the putative polypeptides confirms that B19 is only distantly related to the other parvoviruses but reveals that there is a small region in the gene probably enicoding the major nonstructural protein of B19, which is closely conserved between all of the parvovirus genomes for which sequence Information is currently available.
The Parvoviridae are a family of small DNA viruses with single-stranded, linear genomes approximately 5,000 nucleotides (nt) in length (46) . Viruses of this family which infect vertebrates fall into two distinct groups. The adenoassociated viruses (AAV), also called dependoviruses, require a helper adenovirus or herpesvirus to complete their replication cycle. Members of the autonomously replicating group of parvoviruses, although capable of independent replication without the aid of a helper virus, require the host cell to exhibit a highly specific physiological and differentiated phenotype. To date, three serotypes of AAV have been described which infect human populations, but none of these are associated with human disease (7, 21) . Until recently, autonomously replicating parvoviruses had only been isolated from rodents and domestic animals. These viruses are often highly pathogenic, causing lytic destruction of mitotically active cells of particular differentated types and thus inducing diseases involving rapidly proliferating tissues (such as the gut epithelium and lymphoid system) in adults (45) , whereas transplacental infections of fetuses with viruses of this subgroup typically cause resorption, abortion, or teratogenesis.
The human virus B19 (previously known as serum parvoviruslike virus) has recently been definitively characterized as a parvovirus (17, 49) , but DNA hybridization studies showed that, although it is not detectably related to the dependoviruses, it is only very distantly related to some other autonomously replicating members of the family (17) . Although the pathogenicity of this virus was unknown at the time of the initial report (15) , B19 is now known to be the causative agent of erythema infectiosum (fifth disease; 1; M. J. Anderson, S. E. Jones, S. P. Fisher-Hoch, E. Lewis, * Corresponding author.
S. M. Hall, C. L. Bartlett, B. J. Cohen, P. P. Mortimer, and M. S. Perevia, Letter, Lancet i:1378, 1983) and of a type of reticulocytopenic aplastic crisis associated with several types of hemolytic anemia (e.g., homozygous sickle cell anemia, hereditary spherocytosis, pyruvate kinase deficiency, and 1-thalassemia; 19, 28, 29, 32, 34, 44) . Recently, B19 virus has also been shown to cause transient postinfection arthropathy in adults (35, 51) and to cross the placentas of women infected during pregnancy (11) , eliciting an immune response in the developing fetuses (23) . Clearly, B19 exhibits the pathogenic potential characteristically associated with an autonomous parvovirus, a proposition which is supported by the recent observation that some cells in erythropoietin-stimulated human bone marrow cultures appear to support the replication of 1319 in vitro (N. S. Young, personal communication).
To learn more about the genetic strategy and evolution of this virus and its relationship to the other parvoviruses, we determined the DNA sequences of two distinct B19 viruses isolated 10 years apart, which we molecularly cloned into plasmid vectors. The first of these sequences, presented in this paper, is of a virus designated B19-Au and obtained fromn the serum of a child with homozygous sickle cell disease who was in the early phase of reticulocytopenic aplastic crisis. The clone which was sequenced contained an almost-fulllength viral genome but lacked small regions from the viral termini which, by analogy with the other parvoviruses, are likely to be essential for self-priming during DNA replication. Thus, the clone (pYT103) analyzed in this paper is probably not an infectious form of the virus but does contain all of its coding sequences.
(A preliminary report of these data was presented at the EMBO Workshop on Parvoviruses, Grangeneuve, Switzerland, September 1985.) Sequence determination. To facilitate sequencing the genome, the major portion of the sequence of both the left-end (3.9-kb) EcoRI-BamHI and right-end (1.4-kb) BamHI-EcoRI fragments were recloned, and a series of nested deletions was constructed as described below.
Sequence of the right-end (1.4-kb) fragment. The 1.4-kb BamHI-EcoRI fragment (map units 76 to 100 [see Fig. 1A ]) was recloned into pUC13 and transformed into JM101 cells. Plasmid DNA from several white colonies was isolated by the mini-alkaline lysis method (26) , characterized by digestion with BamHI and EcoRI, and subsequently transformed into DH1 cells for large-scale (1 liter) growth. Plasmid DNA was purified by the alkaline lysis procedure followed by CsCl density gradient centrifugation (26) . Plasmid DNA (30 ,ug) designated pUC13-1.4 (see Fig. 1B ) was digested with PstI and BamHI. After phenol-CHCl3 extraction and ethanol precipitation, DNA was digested with exonuclease III for 0 to 3 min (aliquots were removed at 0.5-mnin intervals) followed by S1 nuclease to remove the single-stranded tail. After phenol-CHCI3 extraction and ethanol precipitation, DNA was incubated with DNA polymerase I (Klenow fragment) and all four dNTPs to ensure that the molecules were blunt ended. DNA was ligated overnight at 14WC and transformed into DH1 cells. Colonies from time points 0 to 3 min were grown (1.5-ml cultures), and plasmid DNA was isolated. DNA was digested with restriction enzymes (EcoRI and HindIll) and analyzed on 0.7% agarose gels to size the deletions. DNA from appropriate clones was further purified on NACS-52 columns as described by the manufacturer. Each clone was digested with EcoRI to linearize the DNA and sequenced by the enzymatic method (42) with the universal reverse primer. To obtain the end sequence (nearest the EcoRI linker site at nt 5107), one clone was digested with HindIII and sequenced with universal forward primer. The concentration of primer used in enzymatic sequencing of double-stranded DNA clones was 10-fold that used with single-stranded (M13) templates.
Sequence of the left-end (3.9-kb) fragment. Attempts to clone the 3.9-kb EcoRI-BamHI fragment into M13 vectors (host cells, JM101) repeatedly met with failure. We also were unsuccessful in many attempts to clone this fragment into double-stranded pUC vectors by using JM101 or DH1 cells. Eventually the fragment was cloned into pUC13 by using JM101 cells. However, large-scale preparations of this clone could not be achieved in these cells. Hence, the DNA from a mini-alkaline lysis preparation was transformed into DH1 cells, where the plasmid appeared to be stable. Because of the initial difficulty in cloning and amplifying the plasmid, the insert was carefully mapped with several restriction endonucleases to ensure that it had not undergone rearrangement during the cloning procedure. Indeed, the 3.9-kb insert corresponds to that fragment in the original clone (pYT103) except for the extreme left-end EcoRI-HindIII fragment (map units 1 to 12). This fragment contains the left hairpin region, and in our pUC13 clone this region had undergone a deletion of approximately 130 base pairs. The pUC plasmid containing the 3.9-kb fragment was further altered to destroy the XbaI site in the multiple cloning region of the vector. This was accomplished by partial XbaI digestion and purification of the linear (6.6-kb) DNA on a 0.7% agarose gel. DNA, blunt-ended with DNA polymerase I (Klenow fragment) and all four dNTPs, was ligated with T4 DNA ligase and transformed into DH1 cells. Twelve clones were grown, and the plasmid DNAs were characterized by restriction digestion to identify a clone which retained the XbaI site at nt 477 of the insert but had lost the XbaI site in the multiple cloning region. This clone was designated pUC13-3.9 (see Fig. 1B ) and used for sequencing.
The sequence of pUC13-3.9 was obtained by generating a series of nested deletions essentially as described above with the exception of the initial steps. DNA (15 ,ug) was digested with EcoRI, and the recessed ends were filled in with aS-dATP by using DNA polymerase I (Klenow fragment). DNA, after ammonium acetate-ethanol precipitation, was digested with XbaI. Following another ethanol precipitation step, the DNA was redissolved (0.25 ,ug/,ul), and a series of nested deletion clones was constructed as described above except that exonuclease III aliquots were taken every minute for 0 to 14 min. DNAs from appropriate plasmid clones were purified on NACS-52 columns, linearized by digestion with BamHI, and sequenced using the universal forward primer (10-fold concentration of that used with single-stranded DNA).
The sequence of the complementary strand was obtained by cloning the 3.9-kb EcoRI-BamHI fragment from pUC13-3.9 into M13mplO. The host cells used, DH21 cells, are DH1 cells which contain an F', although they lack the color selection of the JM series of cells. The M13 clone obtained was designated M13mplO-3.9 (see Fig. 1B ). The sequence of M13mplO-3.9 was obtained by constructing a series of nested deletions similar to that described above for pUC13-3.9. M13mplO-3.9 replicative-form DNA was digested with Sall, and the recessed ends were filled in with aS-dTTP by using DNA polymerase I (Klenow fragment). To get complete protection of the Sall site from exonuclease III, we found it necessary to add dGTP to the filling-in The arrows indicate the direction of exonuclease III digestion used to generate deletion clones. Although we were unable to clone the 3.0-kb fragment directly from pYT103 into M13, we were able to transfer it from our pUC13-3.9 clone into M13mplO. We believe that the left hairpin end was deleted sufficiently in the pUC clone to permit its recovery in an M13 clone.
reaction. It seems probable that, without dGTP, the 3' exonuclease activity of the polymerase digests back into the DNA before it has added the thiophosphate derivative. Hence, by adding the penultimate nucleotide, we were able to prevent this from occurring. After phenol-CHCl3 extraction and ethanol precipitation, the DNA was digested with BamHI, and deletion clones were constructed as described above. Single-stranded M13 DNA deletion clones were sized on a 0.7% agarose gel (100 V for 16 h), and appropriate clones were sequenced by the enzymatic procedure using universal forward primer.
After the sequence of the above clones was obtained, several regions still remained in doubt. To repeat the sequence in these regions, synthetic deoxyribooligonucleotides (13-to 16-mers) were synthesized on an Applied Biosystems oligonucleotide synthesizer and used as primers on appropriate clone templates. To sequence through the BamHI site at the junction of the 3.9-and 1.4-kb fragments, plasmid pYT103 DNA (approximately 20 ,ug) was digested with BglII and PstI (see Fig. 1A ), and the BglII ends were labeled with dGTP and [co-32P]dATP using DNA polymerase I (Klenow fragment). DNA was run on a 5% acrylamide gel, and the appropriate fragment was electroeluted and sequenced by the chemical method (27) .
RESULTS
Restriction endonuclease map of the cloned B19-Au genome and the sequencing strategy. Figure 1A is a restriction endonuclease map of some of the six-base-pair recognition enzymes. In addition, a list of such enzymes which do not cut the DNA is given. The list is not exhaustive, but all known restriction endonuclease sites are included in Fig. 2 , which lists the entire nt sequence of the pYT103 clone of B19-Au together with the amino acid sequences encoded by the major regions of the open reading frame (ORF). The sequencing strategy for the B19-Au genome is depicted in Fig.  3 and described in Materials and Methods. The sequence through the BamHI site of the pYT103 clone (nt 3996) was confirmed by chemical sequencing (27) , but it should be noted that in the construction of this clone viral DNA was digested with BamHI and the left and right fragments were cloned separately. Thus, it is possible that a small BamHI fragment may have been lost during the cloning procedure. We will not be able to exclude this possibility until viral DNA or a junction clone is sequenced.
Sequence of the left-and right-hand hairpin regions. Our difficulty with cloning the left EcoRI and BamHI fragment was almost certainly due to the presence of the terminal inverted repeat. Hence, our pUC13-3.9 and M13mplO-3.9 clones had deleted at least 130 nt relative to the longest inverted repeat in clone pYT103. We believe that the terminal hairpin at the left end in pYT103 is deleted, even from the virion DNA. The sequence of the longest cloned left-end hairpin was obtained from pYT103 by 3'-end labeling at either the EcoRI (nt 1), XbaI (nt 477), or HindIII (nt 595) site and sequencing by the chemical method (27) . This approach gave us nt 1 to 595, which overlapped with the enzymatic sequencing results by at least 450 nt (Fig. 3) . The right end of the genome was also sequenced with clone pYT103. The hairpin at the right end was much shorter in clone pYT103 than that at the left end (Fig. 4) , and this indicates that, in the construction of this clone, DNA Mnl! HhaIHgICI Fok! Aval 2540  2560  2580  2600  2620  2640 TTATGAAAAGGTTACTGGAACAGACTTAGAGCTTATTCAAATATTAAAAGATCATTATAATATTTCTTTAGATAATCCCCTAGAAAACCCATCCTCTCTGTTTGACTTAGTTGCTCGTAT AATACTTTTCCAATGACCTTGTCTGAATCTCGAATAAGTTTATAATTTTCTAGTAATATTATAAAGAAATCTATTAGGGGATCTTTTGGGTAGGAGAGACAAACTGAATCAACGAGCATA 3020  3040  3060  3080  3100  3120   TGGGTTTCAAGCACAAGTAGTAAAAGAC TACT TTACTT TAAAAGGTGCAGCTGCCCCTGTGGCCCAT T TTCAAGGAAGT TTGCCGGAAGT TCCCGC TTACAACGCCT CAGAAAAATACCC  ACCCAAAGrTTcGTGTTcATcATTTTcTGATGAAATGAAAT TTTCCACGTCGACGGGGACACCGGGTAAAAGT TCC T TCAAACGGCC TTC AAGGGCGAAT GTTGCGGAGTCT TT TT A HgiA!TaqIl EcoRI* Sdul Table 1 . The sequence is complete except for -150 nt at the left end and -280 nt at the right end. One nt within the coding region remains in doubt. The A at position 3940 is not present in our pYT103 clone. Lack of this nt would shift the reading frame from 1 to 3, which contains numerous stop codons. Because we also sequenced a closely related isolate (B19-Wi) and found that the A is present in this clone, we believe that the A is missing in pYT103 because of a cloning artifact (M. C. Blundell and C. R. Astell, unpublished data). In any event, except for the amino acids at this junction, the predicted amino acid sequence is still valid for purposes of comparison with other viral polypeptides (Astell et al., manuscript in preparation). a clone from another isolate, B19-Wi, indicates that the right hairpin is at least 240 nt long (M. C. Blundell and C. R. Astell, unpublished data). However, what is striking from the data presented here on the B19-Au clone is that the left and right ends are related (Fig. 4) , unlike other autonomous parvoviruses characterized to date [(MVM(p) (4-6), MVM(i) (3), and Hi (38)], and similar to that seen with AAV2 (25) . However, the B19 termini appear to be substantially longer than the AAV termini and much more unstable when cloned into circular plasmid vectors.
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Potential protein coding regions. The final DNA sequence of the B19-Au clone was analyzed by the SEQNCE program of A. Delaney (18) . Figure 5 summarizes the positions of termination codons. Like all other parvoviruses characterized to date, only one strand of the viral genome has significant blocks of ORF in frames 1, 2, and 3 (Fig. SA) . Hence, this strand of B19 almost certainly defines the sense of viral transcription (2) . Comparison of the genomes of B19-Au with those of MVM(p) and MVM(i) (3, 6, 40) , Hi (39) , CPV (36), FPV (12) (all autonomous parvoviruses) (Fig.  SB) , and AAV2 (48) (a defective parvovirus) (Fig. SC) shows that the organization of the B19 genome is similar to that of both the autonomous parvoviruses and AAV2, but there are notable differences. Frame 1 (Fig. SA) is open from nt 2441 to nt 4786. By analogy with other parvoviruses (3, 6, 12, 36, 39, 40) , this region would be expected to code for viral structural proteins (VP1, VP2, VP3). The second codon into this ORF is a methionine codon, unlike other autonomous parvoviruses (3, 6, 12, 36, 39, 40) , in which the first in-frame ATG in the major right-hand ORF is at least 500 nt downstream or in the AAV2 genome, in which the first in-frame ATG in the 2. (Fig. 5) . However, the B19 genome has at least two other small ORFs in frame 2 which may be used. One of these is located between nt 2631 and 2936 (map units -S1 to 58). A comparable region is also open in frame 2 of MVM and Hi (map units -47 to 53). The AAV2 genome also has several short ORFs near the center of the genome, one of which may be used instead of the major right-hand ORF to encode the amino-terminal region of VP1 (22; quences in the B19 genome are functional, then the organization of this genome is somewhat different from those of either the autonomous or defective genomes.
The distributioh of polyadenylation signals is also unlike that of either the autonomous or defective parvoviruses (Fig.  5 ). There are six polyadenylation signals in B19-Au. These occur throughotut the genome at nt 1303, 1872, 2935, 4168, 4307, and 4990. The autonomous parvoviruses, MVM(p) (3) and Hi (39) have, respectively, four and three polyadenylation sites, all clustered at map Units approximately 90 to 96 (Fig. 5b) . The presence of an upstream AATAAA sequence is seen in the AAV2 genome (at nt 2182) and the FPV genome (at nt 483) (Fig. 5b) . However, at least for AAV2, analysis of transcripts show that this upstream site is not used, as all AAV2 transcripts are coterminal at -96 map units (13) , and the AATAAA sequence is likely spliced out of mature 2.3-kb mRNA. At present nothing is known about the splicing of B19 transcripts, as viral transcripts have not been characterized because there is no in vitro cell culture system currently available for studying virus replication.
However, transcription and splicing patterns for MVM(p) (33) and AAV2 (13) are included in Fig. 5 .
Potential polypeptides encoded by B19-Au. While we do not as yet have data on transcripts from B19, the two largest ORFs both contain a methionine codon within the first few nt of the start of the open frame, therefore it is not unreasonable to assume that this entire region is translated. We deduced the amino acid sequence encoded by these regions as well as the two short open regions in frame 2 ( Fig. 2 and   5A ).
The left-hand ORF extends from nt 427 to the TAA termination codon at nt 2449. The first in-phase ATG codon occurs at nt 436, and if translation begins at this position, a protein of 671 amino acids could be synthesized. This putative polypeptide would have a slightly hegative net charge, as there are 55 basic amino acids (lysine, arginine) and 65 acidic residues (aspartate, glutamate). While the hydropathy profile (Fig. 6A) shows that hydrophilic and hydrophobic regions alternate throughout the protein with no large concentration of either, its average hydropathy Fig. 7 .
Right-hand ORF. The right-hand ORF encoding the capsid genes can most easily be considered as two distinct segments: the VP1-specific region and the region common between VP1 and VP2. In AAV this is particularly useful because a large segment of the VP1-specific region may be located in a different ORF from the VP2 sequence (22) .
Amino acid sequence homology between B19, AAV2, and MVM supports this suggestion. The presumed VP1-specific regions of all three viruses contain a highly conserved 30-amino-acid sequence (Fig. 4 , nt 2815 to 2905 in B19 frame In the VP2-specific region, the most striking protein homologies are seen between AAV2 and B19. For example, over a region of 29 amino acids [nt 3368 to 3454 in frame 1 of B19, nt 3023 to 3109 in frame 2 of AAV2, and nt 3109 to 3195 in frame 1 of MVM(p)], the exact homologies are 50% (AAV-B19), 28% (MVM-B19), and 34% (AAV-MVM). In the rest of the VP2 gene, B19 and AAV have at least three regions of between 30 and 40 amino acids where the exact homology is between 40 and 50%, while the homologies between MVM and B19 are substantially lower in each case. Unlike other autonomous parvoviruses for which sequence information is available, B19 does not contain a characteristic glycine-rich region just downstream of the ATG presumed to initiate VP2.
DISCUSSION
The sequence of an almost-full-length clone of the B19-Au genome is presented. Portions of the genome that are not included are an estimated 280 nt of the hairpin at the right end and an estimated 150 nt of the hairpin at the left end. We believe that the transcription signals and coding regions are complete; hence, these can be compared with those of autonomous [MVM(p)] and helper-dependent (AAV2) parvoviruses.
Whereas the structures of the right and left hairpins from the cloned B19-Au are incomplete, they do indicate that, unlike all autonomous parvoviruses characterized to date, the B19-Au ends are extensively homologous and may in fact contain inverted terminal repeats similar to those seen in AAV2. The termini, which are presumed to be identical except for a difference of two C residues which are missing in the stem of the right-hand hairpin relative to the left-hand hairpin (Fig. 4) , are extremely GC rich, although the sequence itself is not related to any known autonomous or helper-dependent terminal hairpins. Moreover, if our size estimates are correct, then at around 330 nt these palindromes are much longer than any other parvoviral termini characterized to date. Like the AAVs, which also have related terminal sequences, B19 packages both plus and minus DNA strands into virions with approximately equal efficiencies (17, 51) , whereas those autonomous parvoviruses which have been fully sequenced (MVM [6] and Hi [39] ) have different terminal sequences and package the minus strand predominantly. The termini of another autonomous parvovirus, LuIII, have not yet been characterized; however, this virus packages both plus and minus strands in approximately equal amounts (8) . Thus, the B19 sequence presented in this paper remains consistent with the suggestion that there is a specific nt sequence or three-dimensional DNA structure which directs the packaging of only one or either strand into virions. The difference between the left and right hairpins of B19 is an interesting one in that it has been shown with AAV2 that alteration of one hairpin end of the AAV2 genome can result in a correction mechanism in which presumably the intact end acts as a template for repair of the altered (nonfunctional) end (41) . If such a mechanism operates in B19 replication, the fact that a two-base-pair difference can exist in the stem region implies that the system which recognizes topological features of the hairpin ends is insensitive to a minor sequence or length difference or both in the stem of the hairpin. A further implication of the structure of the B19 terminal inverted repeats is that, as with AAV2, it is possible that this genome may integrate within the host chromosome under conditions in which lytic viral replication is blocked (10, 14) .
Like all other parvoviruses, the coding region of the B19 genome is confined to one strand, by definition the plus or complementary strand. The entire genome from map units -8 to 98 is open, although the reading frame shifts at approximately map units 45 to 50 from frame 3 to frame 1 (Fig. 5A ). By comparison with other autonomous parvoviruses and AAV2, the left-hand ORF would be expected to encode nonstructural polypeptides, and the righthand ORF would be expected to encode viral polypeptides. Procaryotic expression studies confirm this organization; antibodies raised against a sequence encoded in frame 3 of B19 between nt 1072 and 2044 identify a 71,000-dalton nonstructural protein in B19-infected fetal bone marrow, whereas antibodies against the amino acid sequence specified in frame 1 between nt 2897 and 3749 recognize both the (Table 1 ). The first three are followed by in-frame termination codons within 50 nt; hence, they are either nonfunctional or provide leader peptides (by mRNA splicing) for the primary translation product (VP1), as has been suggested for other autonomous parvoviruses (3, 6, 12, 36, 39) . This may also be the case with AAV2; however, the precise coding region for the AAV2 VP1 protein is uncertain (22) Parvoviruses, 1985) . In comparison, the B19-Au genome contains many ATG codons (in all reading frames) between the presumed start of the transcript (-nt 2340), the first methionine codon in the ORF (nt 2444, frame 1), and the second in-phase methionine codon, which occurs 681 nt later at nt 3125 (Fig. 8) ribosome ignore three ATG codons in the leader of the mRNA and recognize the fourth -675 nt from the start of the messenger. In B19 the problem is accentuated with possibly 16 ATG codons before the in-frame one at nt 3125 (Fig. 8) . Further analysis of transcription and coding regions within the B19 genome must await in vitro studies identifying functional promoters and splicing patterns.
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The hydropathy curve of the right-hand ORF shows that hydrophilic and hydrophobic regions alternate through the protein with no large concentration of either (Fig. 6 ). This is in marked contrast to the situation in many of the autonomous parvoviruses (36) , where the VP1-specific region of the capsid gene is markedly hydrophilic and contains a high concentration of basic residues which are thought to interact with and stabilize DNA in the intact virus particle. In all of the autonomous viruses for which sequence information is available, this highly charged region of VP1 is separated from the bulk of the capsid gene by a glycine-rich sequence of some 23 residues beginning approximately 22 residues downstream of the AUG initiating VP2. However, the righthand major ORF of B19 does not contain such a sequence. In AAV, the precise coding region for the amino terminus of VP1 (protein A) is still uncertain. Janik et al. (22) have shown that this polypeptide is likely initiated within the small intervening sequence contained in the unspliced 2.6-kb RNA species (Fig. 5 ). There are three ATG codons (nt 1919, 1967 , and 2213) in frame 2 followed by in-phase termination codons (nt 2165, 2177, and 2258). Janik et al. (22) proposed that one of these ATG codons may be the initiation codon for VP1 and downstream terminators are either read through or VP1 is translated from an mRNA species which is spliced to remove these terminator codons. This mRNA has so far not been detected, but if the splice were extremely small, this RNA may comigrate in gels with the 2.6-kb unspliced transcript. Another possibility is that the amino terminus of VP1 is encoded in either of the other two reading frames and that VP1 is generated by a frameshift to frame 2 (22) . Based on our observations on amino acid homology among the equivalent regions of the VP1 proteins of AAV2, MVM, and B19 (see Results), we suggest that the VP1 protein of AAV2 is initiated in an alternate reading frame (frame 1), possibly at the ATG at nt 2203, and a small, so far undetected splice joins reading frame 1 to frame 2 beyond nt 2431. VP3 (protein C) of AAV2 is initiated at the ATG codon at nt 2810, and it is believed that VP2 (protein B) begins at a novel ACG codon at nt 2615 (9) . Peptide homology searches suggest that the amino-terminal region of the B19 VP1 protein is not encoded in an alternate reading frame (although there is an alternative frame open in this region), since in B19 the 30-amino-acid sequence (nt 2815 to 2905) which is homologous in the VP1-specific region of B19, MVM, and AAV2 is located in the continuous ORF in B19.
Perhaps the most striking feature revealed by such searches is that B19 is as different from MVM(p) and AAV2 as those two viruses are from each other. Given that the overall homology between the three viruses is sufficiently widespread and extensive as to suggest divergent rather than convergent evolution, this would suggest that the ancestors of the three modern viruses separated at approximately the same point in evolutionary time. DNA hybridization studies make it clear that there are other members of the autonomous parvovirus genus, such as bovine parvovirus, which are only very distantly related to the KRV-type group (which includes KRV, MVM, Hi, LuIllI, FPV, and PPV). However, such studies also fail to reveal detectable nt homology between B19 and bovine parvovirus (17) , and antibodies raised against bacterial peptides expressing B19 NS1 and capsid sequences fail to recognize bovine parvovirus proteins synthesized in vitro in a rabbit reticulocyte lysate system programmed with mRNA from bovine parvovirusinfected cells (Cotmore et al., manuscript in preparation) . Since B19 appears to replicate in erythropoietin-stimulated human bone marrow cultures without the aid of a helper virus (Young, personal communication), it is probably an autonomous virus, suggesting that this genus contains viruses which are physically as different from each other as they are from the dependoviruses (AAVs). Clearly physical characteristics such as unique versus identical termini cannot be used to assign new viruses to a particular genus, and recent experiments suggest that even the ultimate distinction of their being able to replicate without the aid of a helper virus may require redefinition, since it seems that AAV5 may be able to replicate in some mutagen-treated cells in vitro without the help of another virus (43) .
At the present time, the B19 genome appears to have features in common with both autonomous and helperdependent viruses. Computer analyses of putative viral polypeptides from MVM(p), AAV2, and B19-Au have also identified extensive regions of homology between the polypeptides encoded by all three of these genomes.
Computer searches have identified a highly conserved 145-amino-acid sequence located in the middle of the NS1 gene of all three viruses. The function of the NS1 protein is not fully understood; however, it seems to be a multifunctional polypeptide. The gene product of the major left-hand ORF has been shown to be necessary for viral DNA replication (20, 50) as well as transactivation of the P38 promotor used for transcription of mRNA encoding viral structural proteins (37) . In addition, it has been proposed that the protein may be the nicking enzyme responsible for resolving dimer replicative-form molecules (5). Sebring and Rose have observed an accumulation of AAV DNA concatemeric intermediates when AAV polypeptide synthesis is restricted (E. Sebring and J. Rose, personal communication). Presumably, the highly conserved amino acid sequence identified in Fig. 7 has a very specific role to play in at least one of these functions. A computer search of the data base for relatedness of the B19 sequence with other proteins failed to recognize any significant homologies.
The observation that AAV2 and MVM both share a region of 50% nt sequence homology with B19 seems inconsistent with the finding that B19 DNA hybridizes weakly to MVM DNA but not AAV2 DNA (17) . However, analysis of the nucleotide sequence of this region presented in Fig. 7 shows that, whereas there are at most 9 nt in a row in the B19 sequence that match perfectly with the AAV2 sequence, this same region shares an 18-nt region of perfect homology with the MVM sequence. Since the formation of stable DNA-DNA hybrids in short regions of homology relies on stretches of perfect homology which are intact over a minimum stable length rather than a numerically equivalent but more dispersed type of homology, the sequence comparisons of B19 with MVM and AAV2 provide a cautionary note with regard to correlating low-level cross-hybridization, or lack thereof, with evolutionary relatedness.
In support of our sequence data we have now cloned the region from the XbaI site (nt 477) to the KpnI site (nt 4079) from B19-Au and sequenced the region spanning the BamHI site (nt 3896) in two different clones. This experiment confirmed that the sequence across the BamHI site is correct (and that no small BamHI fragment was lost during the original cloning). Also, in both clones the sequence at nt
